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SUMMARY

An experimental investigation of liquid sloshing in a 1/3.75 scale-model

Centaur stage liquid oxygen tank was conducted to determine (i) the fundamental

frequencies of oscillation, (2) the horizontal slosh forces and damping ratios

(logarithmic decrements) occurring at the fundamental frequencies, and (3) the

slosh damping effectiveness of a proposed slosh baffle. Experimental data were

obtained for clean, unbaffled, and baffled tank configurations. The measure-

ment of vertical and horizontal slosh forces enabled the determination of quan-

tities for a pendulum analogy that would effectively describe liquid sloshing

in the unbaffled tank configuration. Several quantities determined for such an

analogy included: (I) the length of the pendulum arm, (2) the maximum angles

through which the pendulum can oscillate, (3) the hinge point location of the

pendulum, (4) the pendulum or sloshing mass, (5) the fixed or nonsloshing mass,

and (6) the geometric centroid location of the fixed mass. The results of this

investigation are presented in terms of dimensionless parameters that are ap-

plicable to tanks of any size having similar configurations.

INTRODUCTION

Propellant sloshing is a potential source of disturbance critical to the

stability of space vehicles that contain relatively large masses of liquid pro-

pellants. Oscillations of the propellant masses result from the lateral dis-

placement or angular rotation of the vehicle during the powered phase of the

flight. These perturbations of vehicle motion may be caused by wind gusts dur-

ing boost, rapid changes in vehicle angle of attack, altitude stabilization

control pulses, or bending of the vehicle itself. Severe sloshing results when

the propellant oscillations are coupled with one or more of the perturbations

of vehicle motion at nearly the fundamental or first natural mode frequency of

the contained propellant.

A complete dynamic-stability analysis of the vehicle must include the

forces produced by the liquid motion in partly filled propellant tanks. Pro-

pellant sloshing in a specific tank is generally represented by a mechanical



model (either a pendulum or a spring-mass analogy). The equations of motion of
the mechanical model are then included in the equations of motion of the entire
vehicle. Several quantities necessary to effectively describe propellant
sloshing as a pendulumanalogy, for example, are: (i) the length of the pendu-
lum arm, (2) the maximumangles through which the pendulum can oscillate, (3)
the hinge point location of the pendulum, (4) the pendulum or sloshing mass,
(5) the fixed or nonsloshing mass, and (6) the centroid location of the fixed
mass. Manyanalytical investigations have been made (e.g., refs. I to 5) to
determine the values of these quantities for several tank configurations over a
range of liquid depths. Since the results of these investigations yielded a
wide range of values that could be used for several of the previously mentioned

quantities for a given tank configuration and liquid depth, the accuracy of the

mechanical model was not known.

Preliminary computer studies (using analytical values in the mechanical

sloshing model) of the stability of the Atlas-Centaur space vehicle indicated

that an instability problem occurred during the booster-powered phase of the

flight. The instability of the vehicle was caused by propellant sloshing in

the Centaur stage liquid oxygen tank. During the simulated booster-powered

phase of the flight, the Centaur liquid oxygen tank was filled to a liquid

depth ratio (liquid height/tank height) of approximately 0.80 and contained

about AA cubic feet of ullage.

A slosh baffle located at a depth ratio (distance from baffle to bottom

of tank/tank height) of about 0.75 was proposed to suppress and damp the pro-

pellant oscillations. It was necessary, therefore, to determine the fundamen-

tal frequencies of oscillation, the slosh forces, and the damping ratios for

the unbaffled and baffled Centaur liquid oxygen tank configurations. The

Centaur liquid oxygen tank and proposed slosh baffle differed enough from con-

figurations previously investigated (e.g., refs. 6 to ii) so that the available

experimental data could not be applied with confidence. In addition, it was

necessary to experimentally determine a suitable mechanical model that would

accurately represent the propellant sloshing in the unbaffled Centaur liquid

oxygen tank configuration.

An experimental investigation of liquid sloshing in a 1/3.75 scale-model

Centaur stage liquid oxygen tank was conducted at the NASA Lewis Research

Center to determine (1) the fundamental frequencies of oscillation, (2) the

maximum horizontal slosh forces and damping ratios occurring at the fundamental

frequencies, and (3) the slosh damping effectiveness of the proposed slosh baf-

fle. Experimental data were obtained bver a range of liquid depth ratios for

the following tank configurations: (1) clean tank with no internal hardware,

(2) unbaffled tank that included simulated internal flight hardware such as the

thrust distribution cylinder (or thrust barrel), the spring ring, and the vent

and fill pipes, and (3) the baffled tank that included the proposed slosh baf-

fle and supporting structure in addition to the same internal hardware used in

the unbaffled tank. The measurement of vertical and horizontal slosh forces

enabled the determination of quantities for a pendulum analogy that would ef-

fectively describe liquid sloshing in the unbaffled tank configuration. The

contained liquid was water in most tests. The results of this investigation

are presented in terms of dimensionless parameters.



APPARATUSANDINSTRUMENTATION

Test Facility

The experimental test facility, which is nearly identical to that de-
scribed in reference i0, is shownin figure i. The scale-model Centaur liquid
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A, 5000-Pound preloaded compression load cell

B, Preloading bracket

C, 500-Pound tension-compression load cell

D, ]000-Pound tension-compression load cell

E, Support members from overhead crossbeams to frame
F, 32-Inch-diameter spheroidal tank

G, Test bed

H, Frame

[, Hydraulic cylinder

J, Stationary support

(a) Schematic view.

oxygen tank was mounted on a

test bed that was suspended

from a frame through three

vertically oriented load

cells and one horizontally

oriented load cell. The

frame was suspended from

overhead crossbeams and was

free to oscillate in one di-

rection in the horizontal

plane. A hydraulic piston

and cylinder provided the

driving force. The excita-

tion amplitude could be var-

ied from 0 to I inch, and

the excitation frequency
could be varied from 0 to

20 cycles per second. A si-
nusoidal excitation waveform

was used in this investiga-

tion. The electric and hy-

draulic control circuits for

the driving mechanism were

designed to enable the os-

cillatory motion of the frame, the

test bed, and the tank to be

"quick-stopped" at a point of zero

velocity during any given cycle of

oscillation so that only the re-

sidual forces resulting from the

liquid sloshing could be measured.

(b) Pictorial view.

Figu re 1. - Experi mental test facility.

C-66556

The horizontal load cell was

a piezoelectric quartz crystal

that had been preloaded in com-

pression. The single vertical

load cell supporting one end of

the test bed was a semiconductor-

type transducer, while the other

two vertical load cells were

strain-gage-type transducers. The

quartz crystal and semiconductor

load cells were the only ones hav-

ing sufficient sensitivity and ac-

curacy for this investigation and

were, therefore, the only load



cells used to obtain experimental data. The horizontal and vertical slosh
forces were displayed on a continuously recording strip chart. The vertical
forces occurring at each end of the test bed were assumedto be of equal magni-
tude but 180° out of phase.

Scale-Model Tank and Internal Hardware

A 1/3.75 scale model (fig. 2(a)) of the oblate spheroidal Centaur liquid
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Majordlameter,a, in. 32.0 I
Mnor diameter,b, in. 22.86[
Heightofcylindricalsection,c, in. ! 0 88

,!1"°talheight°ftankb+cIn.. . . , , I 2_:74• He=ghtof liquid surface

(a)Cleanconfiguration.

Cylindrical_
se

Widthofspring rug in. ' 0.73

+Diameterofthrustbarrel, in. ' 13.31
Heightof thrustbarrel, in. 4.38
Outsidediameterof vent pipe,in. 0.63

i Lengthof ventpipe,in. 22.5
_utside diameterof fill pipe,in:_ 0._

(b) Unbaffledconfiguration.

Figure2 - Scale-modelpropellanttank.

oxygen tank was fabricated from clear plasticj the major axis a was 32 inches

and the minor axis b was 22.86 inches. A cylindrical section 0.88 inch high

was located at the equator to simulate the cylindrical portion of the full-

scale tank. A 1/3.75 scale model of each of the following pieces of internal

hardware was also constructed (of aluminum): (1) a flat-plate annular-ring

baffle 0.73 inch wide, which simulated the spring ring, (2) the thrust distri-

bution cylinder (or thrust barrel), (3) the vent and fill pipes, and (4) the

proposed slosh baffle and supporting structure. The clean, unbaffled, and baf-

fled tank configurations shown in figures 2 and 3, respectively, are summarized

in the following table:

Tank configuration

Clean (fig. 2(a))

Unbaffled (fig. 2(b))

Baffled (fig. 3)

Internal hardware

None

Spring ring, thrust barrel, vent

and fill pipes

Spring ring, thrust barrel, vent

and fill pipes, slosh baffle

and supporting structure



Bafflecrosssection

(a) Baffleconfiguration,sideview.

With the exception of the method

of assembly, the general configu-

ration of the baffle, its sup-

porting structure, thrust barrel,

and vent and fill pipes was iden-

tical to their full-scale coun-

terparts. The top and the bottom

of the slosh baffle were located

at depth ratios hb/(b + c) of

O. 765 and 0. 705, respectively.

(All symbols are defined in ap-

pendix A. ) A minimum distance of

approximately 0.5 inch was main-

tained between the edge of the

slosh baffle and the tank wall.

The contained liquid was water.

(b) Baffleinstallation,obliqueview.

(c) Baffleinstallation,sideview.

Figure3. - Proposedscale-modelsloshbaffleandpropellanttank. baffled
configuration.

PROCEDURE AND DATA REDUCTION

Slosh Force Suppression

Characteristics

The tank was oscillated si-

nusoidally at a preselected exci-

tation frequency (0.5 to 2.0 cps)

and amplitude (0. i00 in.). At

each liquid depth ratio investi-

gated, the excitation frequency

chosen was equal to the fundamen-

tal frequency of oscillation of

the contained liquid since this

provided the maximum slosh forces

at a given excitation amplitude

(refs. 6 and i0). These maximum

slosh forces are hereinafter re-

ferred to as the first mode slosh

forces. The excitation amplitude

of 0.i00 inch was chosen because

it was sufficient to provide

large slosh forces that could he

accurately measured at lower liq-

uid depth ratios and still not

create extremely violent liquid

oscillations at higher liquid

depth ratios. When the first

mode waveform had built up to its

maximum height on the tank wall,

the oscillatory motion of the

tank was quick-stopped, and the
residual horizontal slosh forces

5



were recorded on an oscillograph trace.

The fundamental frequencies of the liquid oscillation were determined by
using the first several slosh force peaks occurring immediately after the
quick stop and were put into the form of the fundamental frequency parameter

= m_r7g. The values of the horizontal slosh forces were determined by using

the first force peak occurring immediately after the quick stop; the horizontal

force was put into the form of the slosh force parameter, h = Fs/pga2(b + c).

The damping ratios were calculated by averaging the first two successive values

of the logarithmic decrement 5 = in(Fs,n/Fs,n+ I) on each oscillograph trace,

where Fs_ n _as the peak force on one slosh cycle and Fs,n+ I was the peak

force on the succeeding cycle.

Quantities for Pendulum Analogy

Slosh ansle. - The angle from the horizontal at which the liquid surface
oscillated (shown in the sketch at the left) _as

surface""_--_"_"_"_"_"_'__'i--_'-Tank

wall

measured visually by a protractor-type device

when the liquid surface had attained its maximum

height on the tank wall; the accuracy of this
device was about ±i °.

Hin6e point location. - It was desirable to

keep the wave height of the liquid oscillation

small so that any dependence of the hinge point

location on excitation amplitude could be de-

tected at higher liquid depth ratios. Excitation amplitudes of 0.010, 0.020,

and 0.030 inch were used; the excitation frequency was equal to the fundamental

frequency of the contained liquid. The vertical and horizontal slosh forces

were determined by using the first force peaks that occurred immediately after

the quick stop; then the external moment M on the tank was calculated. The

method of calculating the hinge point location is presented in appendix B.

Pendulum mass. - To obtain the quantities needed in calculating the pendu-

lum mass (or effective sloshing mass) from equation (B7) (see appendix B), it

was necessary to determine the horizontal slosh forces for steady-state condi-

tions where the excitation frequency (i) was much less than the fundamental

frequency of the contained liquid and (2) was exactly equal to the liquid os-

cillatory frequency. Excitation frequencies were varied from 40 to 75 percent

of the fundamental frequency to determine the effect of a variation of excita-

tion frequency on the values obtained for the pendu!ummass. The tank was os-

cillated at excitation amplitudes of 0.600 and 0.900 inch (i) to drive the wave

height of the liquid surface as high as possible, thereby maximizing the slosh
forces and their accuracy of measurement, (2) to determine the effect of exci-

tation amplitude on the values obtained for the pendulum mass, and (3) to stay

within the operating limits of the test facility. Once the wave height had

reached a steady-state value, the oscillatory motion of the tank was quick-

stopped, and the horizontal slosh forces were determined from the first force

peak occurring immediately thereafter.



EXPERIMENTALSLOSHFORCESUPPRESSIONCHARACTERISTICS

FundamentalFrequency

The fundamental frequencies of oscillation of the liquid contained in an
oblate spheroidal tank maybe calculated from the following equation (ref. 12):

_r _ 'h= _ c tanh( ll_ c) (1)
,r

where h c : I/3[h(i.5 b - h)_(b - h)]. The experimental results presented in

reference 12 indicate that the correction factor g was necessary in the cal-

culation of the fundamental frequencies to provide closer agreement between

calculated and experimental values over a wide range of liquid depth ratios.

The values of a, which represented a faired curve through the results shown in

reference 12 and which were used in this investigation, are presented in fig-
ure 4.
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.3 .4 .5 .6 .7 .8

Liquid depth ratio, h/b

.9 1.0

Figure 4. - Ratio of experimentally determined to calculated fundamental frequencies as a

function of liquid depth ratio for oblate spheroidal tank (ref. 12).

The values of the fundamental frequency parameter for the clean configura-
tion of the scale-model Centaur liquid oxygen tank were calculated from

_ = _ CE tanh(_ _ Since the height of the cylindrical section of the tank

was small, it was assumed that the fundamental frequency parameter would remain

essentially constant for liquid depth ratios in this section. The experimental

fundamental frequency parameter _ = _ is compared with the calculated

values over a range of liquid depth ratios 0.05 _ h/(b + c) _ 0.95 in figure

5(a). Each data point shown represents an average of several values; the maxi-

mum deviation from the average was ±0.5 percent.

The presence of the thrust barrel in the unbaffled tank configuration had

a pronounced effect on the fundamental frequency parameter as shown in fig-
ure S(b). When the liquid surface was below the top of the thrust barrel

h/(b + c) < 0.252, the liquid was contained in essentially two different tanks:
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(i) a cylindrical tank
formed within the

thrust barrel, and (2)

an annular tank formed

between the thrust bar-

rel and the wall of the

oblate spheroidal tank.

The cylindrical volume

of liquid had higher

fundamental fre quen-

cies_ which tended to

increase as the liquid

depth ratio increased.

The annular volume of

liquid had lower funda-

mental frequencies,

which tended to de-

crease as the liquid

depth ratio increased.
It was observed that

.......... [ IL_ -_ , . -Cylin_icalsection ,
,4' i _ , i

.1 .2 .3 .4 .5 .6 .7 .8 .g
Liquiddepthratio,hl(b + c)

(a)Cleantankconfiguration.

Figure5. - Fundamentalfrequencyparameterof scale-modelpropellanttankfor varying
liquiddepthratio. Excitationamplitudeparameter,O.00313.

once the liquid surface

was above the top of

the thrust barrel h/(b + c) > 0.232, all of the liquid within the tank oscil-

lated as one mass, and the fundamental frequency parameter increased with an

increase of the liquid depth ratio. The thrust barrel reduced the fundamental

frequency parameter below that obtained in the clean tank configuration up to a
liquid depth ratio of

0.50_ above which
value little differ-

ence was noted in the

fundamental frequency

parameter of these two

configurations. Each

data point (fig. 5(b))

represents an average
of several values; the

_aximum deviation from

the average _as ±0.5

percent.

18

1.6
3

c 1.4

E

_- 1.2

t-.

1.0

,,.=

0 .l .2 .._ .4 .5 .6 .l .8 .9 1.0
Liquiddepthratio,hflb+c)

(b)Unbaffledtankconfiguration;effectofthrustbarrelandspringring.

Figure5.-Continued.Fundamentalfrequencyparameterofscale-modelpropellanttank
forvaryingliquiddepthratio.Excitationamplitudeparameter,0.00313.

The presence of

the slosh baffle in

the baffled tank con-

figuration produced

only a small variation
of the fundamental

frequency parameter

(liquid depth ratios

0._5 < h/(b + c) <0.90)
from those values ob-

tained for the unbaf-

fled tank configura-

8



tion (fig. 5(c)). Each data point again represents an average of several val-

1,6

=
L-

1.4--
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.6 thrh_t bar__r
0 .1

__ Tank configu ratiq,n
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Unbaffled

.2 .3

i

.4 .5 .6 .7

Liquid depth ratio, h/(b + c)

. , __

I ,t-

.8 .9 1.0

(c) Baffled tank configuration; effect of proposed slosh baffle.

Figure 5. - Concluded. Fundamental frequency parameter of scale-model propellant tank for

varying liquid depth ratio. Excitation amplitude parameter, 0.00313.

ues; the maximum deviation from the average _as ±2.0 percent.

Slosh Force Parameter

The first mode slosh force parameters obtained in the clean tank configu-

ration over a range of liquid depth ratios 0.07S _ h/(b + c) _ 0.9S are pre-

sented in figure 6(a) for an excitation amplitude parameter X0/a = O. 00313.

,06

+

_, .05

,< .04

_ . 03
N.

_ .02

_ .01
E

L._

ii _l LIl II li l I1 J

I_ : [ J -"llr_C'lindrtialsecti_n _ I: I

.1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

Liquid depth ratio, h/[b + c)

(a] Clean tan k conflgu ration.

Figure 6. - First mode slosh force parameter as function of liquid depth ratio. Excitation

amplitude parameter, 0._313.
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The maximum slosh force parameter of approximately 0.05 was obtained at a liq-

uid depth ratio of 0.50, and the faired curve was nearly symmetrical about that

depth ratio.

The presence of the thrust barrel and the spring ring in the unbaffled

tank configuration resulted in large reductions of the first mode slosh force

parameters up to a liquid depth ratio of approximately 0.85 where a maximum

force parameter of about 0.03 occurred, as shown in figure 6(b). Little dif-

_L_ Unbaffled

o

0 .1 .2 .3 ._l o5 .6 .7 .8 .9 1.0

Liquid depth ratio, h/(b + c)

(b) Unbaffled tank configuration; effect of th rust barrel and spring rlng.

Figure 6. - Continued. First mode slosh force parameter as function of liquid depth ratio.

Excitation amplitude parameter, 0.00313.

ference in the force parameters obtained in the clean and the unbaffled tank

configurations was noted for liquid depth ratios greater than 0.80.

1-- I • t i I--IT F --
[ Tankconfiguratlon _ L

..,ed I
L--- uoba.led T i

•_T;p of' --d_-':Y"_--Sp.pgr1rig_

_ .03_thru't bar'e,-_d_t £_ ,Irlcal se'ctlon[i _ _-

0 .1 .2 .3 .4 .5

Liquid depth ratio, h/lb + c)

(c) Baffled tank configuration; effect of proposed slosh baffle.

Figure 6. - Concluded. First modeslosh force parameter as function of liquid depth ratio.

Excitation amplitude parameter, O.00313.
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The first mode slosh force parameters obtained in the baffled tank config-

uration are presented in figure 6(c) for a range of liquid depth ratios

0.25 _ h/(b + c) _ 0.90. A maximum slosh force parameter of approximately 0.03

again occurred at a liquid depth ratio of 0.GS. However, the supporting struc-

ture of the baffle had reduced the slosh force parameters for the range of

depth ratios 0.30 < h/(b + c) < 0.65, and the baffle had reduced the slosh

force parameters for depth ratios 0.65 < h/(b + c) < 0.85. At a liquid depth

ratio of 0.80 (an approximate tanking level of the Centaur vehicle) the baffle

provided a reduction in slosh force parsmeter (from ~0.021 to ~0.017) of about

19 percent.

Damping Ratio

The first mode damping ratios obtained in the clean tank configuration

over a range of liquid depth ratios 0.075 _ h/(b + c) _ 0.95 are presented

in figure 7(a) for an excitation amplitude parameter Xo/a = 0. 00313. The in-

crease in damping ratio at the lower depth ratios 0.075 _ h/(b + c) < 0.15 is

J
.4¸

£ .3
o"

E

o

] I t I I I I ] ........

Tank configurat!on _ i 1

.... Spherical; 32.0 in. diam. /
(unpublished NASA data)_

!lJth c,[ 'Ic__a!secti)n

.2 .3 .4 ,5 .6 .7 .8 .9 1.0

Liquid deplh ratio, h/(b + c)

(a) Clean tank configuration.

Figure7. - Firstmodedampingratioasfunctionof liquiddepthratio. Excitationamplffude
parameter,O.00313.

due to the small liquid mass present oscillating over a comparatively large

tank wall area (ref. 8). The increase in damping ratio for depth ratios

greater than 0.60 is due to (i) the curvature of the tank _all and (2) the

small portion of liquid that splashed from the tank wall, both of which tend to

produce ripples on the surface of the liquid. Comparison of these results with

those obtained for a spherical tank configuration (unpublished NASA data) indi-

cates that the oblate spheroidal tank provided higher damping ratios for a

nearly full or nearly empty tank, but that the damping ratios were of about the

same values for both tanks for intermediate liquid depth ratios.

The presence of the thrust barrel and the spring ring in the unbaffled

tank configuration resulted in large increases in the first mode damping ratio

up to a liquid depth ratio of about 0.70, as shown in figure 7(b). Little

ii
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Figure 7. - Continued. First modedamping ratio as function of liquid del_h ratio. Excita-
tion amplitude parameter, 0.00313.

variation between the

damping ratio levels ob-

tained in the clean and

the unbaffled tank con-

figurations occurred for

liquid depth ratios

greater than 0.80.

The first mode

damping ratios obtained

in the baffled tank con-

figuration are presented

in figure 7(c) for a

range of liquid depth

ratios 0.25 _ h/

(b + c) _ 0.90. The

supporting structure for

the baffle increased the

damping ratios slightly

above those values ob-

tained for the unbaffled

tank configuration over a range of depth ratios 0,25 < h/(b + c) < 0.65. The

slosh baffle increased the damping to a maximum value 6 _ O.Z at a depth ra-

tio of 0.775. At the depth ratio of 0.80, the damping ratio had been increased

from _0.08 to -0.28.

Scaling Parameters

The values of the fundamental frequencies and the first mode slosh forces

that are expected to occur in the full-scale Centaur liquid oxygen tank can be

.6

r-

8'
E .2

E .1

;w
TO,of _ric_ sectloi__ ,th 'ust _ ---

.1 .2 .3 ,4 .5

"l'_n_kc°lnflgulratl°ln _-r--

,-o-,atf,ed _I-1----
_------- Unbaffled -[ _--

.6 .7 .8 .9 1.0
Liquid depth ratio, h/(b + c1

(c) Baffledtank configuration;effectof proposedsloshbaffle.

Figure 7. - Concluded. First modedampingratio asfunction of liquid dep(h ratio. Excitation ampli-
tude parameter, 0.00313.
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calculated directly from the fundamental frequency and the slosh force param-

eters for the tank configurations presented. These slosh forces are the forces

that would be produced if the full-scale tank were oscillated at an amplitude

of 5/8 inch (X0/a = 0.00313). The values of the slosh force parameters are de-

pendent upon the value of the viscosity parameter of the contained liquid.

Reference i0 indicates, however, that the variation of the first mode slosh

force parameters obtained in the subscale tank with water and the full-scale

tank with liquid oxygen for an excitation amplitude parameter of 0.00315 should

be small (less than 5 percent).

It is somewhat more difficult, however, to predict the first mode damping

ratios that wo_id be expected' to occur in the full-scale Centaur liquid oxygen

tank. A liquid depth ratio of 0.80 is of particular interest for the full-

scale tank because this is the approximate initial tanking level at which the

simulated vehicle instability problems occurred. The damping that occurred at

a liquid depth ratio of 0.80 in the clean tank configuration (fig. 7(a)) and

the unbaffled tank configuration (fig. 7(b)) is due in part to viscous damping

effects at the tank wall. It has been shown in small-scale tests that, for a

spherical tank configuration at a liquid depth ratio of 0.50, the first mode

damping ratio that resulted from viscous damping could be generalized for tank

size and liquid kinematic viscosity when correlated with a viscosity parameter

B = v/_ where D is the tank diameter (ref. lO). A small amount of data

was obtained in the scale-model Centaur liquid oxygen tank with glycerine as

the contained liquid (v = 0.01_55 sq ft/sec) at a depth ratio of 0.80 in an at-

tempt to predict damping ratios in the full-scale Centaur liquid oxygen tank in

the same manner as for a spherical tank. The results for both the spherical

and scale model Centaur liquid oxygen tanks are shown in figure 8. Extrapola-

I
_'_ . 10 2[
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• 0001

-' ....... T'anlicorl(igui"atlon....... I 'tiqlJll_ ...........Liquiddepthratlo,_'I
h/(b ÷ c) ]d_
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£ -_- Scale-modelCentaur Water }, 0.80
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t llli A I.IX I _I_2f 111111,  lill IL tLII _ }lllJt-,  t
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Figure 8. - Effect of viscosity parameter on first mode damping ratio.

tion of these data indicates that at a liquid depth ratio of 0.80, a first mode

damping ratio of approximately 0.04 would be expected in the full-scale Centaur

tank containing liquid oxygen.

At liquid depth ratios 0.45 < h/(b + c) < 0.60 in the unbaffled and the

baffled tank configurations and 0.65 < h/(b + c) < 0.85 in the baffled tank
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configuration, the damping of the first modeslosh forces was caused by the
presence of an annular ring baffle. The values of the dampingratios obtained
at these liquid depth ratios in the scale-model Centaur liquid oxygen tank are
approximately the values that maybe applied directly to tanks of any size hav-
ing the sameconfiguration provided that the baffle width ratio W/a and the

excitation amplitude parameter Xo/a are held constant (ref.)9 and unpublishedNASAdata for spherical tanks containing annular ring baffles . The first mode
damping ratios are also dependent upon the absolute viscosity of the contained
liquid. Since the variation between the values of absolute viscosity of water
and liquid oxygen is small, however, the dampingratios obtained whenwater is
used can be considered to be close to the values expected for liquid oxygen.

EXPERIMENTALPENDULUM ANALOGY

The analytical solutions for prediction of the fundamental frequencies and

slosh forces in tanks of varying configurations have been solved and proved ex-

perimentally (e.g., ref. 6). The use of these solutions in a vehicle dynamic-

stability analysis is rather limited, however, because of the complexity of

these equations. Therefore, it is highly desirable to obtain suitable linear

approximations to represent the propellant sloshing. Two mechanical analogies

that have been used to simulate propellant sloshing in vehicle dynamic-

stability studies with a great deal of success are the pendulum system and the

spring-mass system. The quantities necessary to represent liquid sloshing

F forcerestraininghorizontalmotionoftank intest
facility, equalto sloshforce

I0 momentofinertiaoffixedmass

Lp lengthof pendulumann

[cg distancefromCenteroftanktocentroidfixedmass

[p distancefromcenteroftanktopendulumhingepoint

mp pendulummass
m0 fixedmass

yp half-anglefromverticalthroughwhichpendulum
massoscillates

Figureq. - Quantitiesusedtodescribependulumanalogyof
liquidsloshing.

characteristics as a pendulum-analogy

system (fig. 9) are presented here for

the unbaffled tank configuration; d@riva-

tion of the necessary equations and ref-

erence to the use of a spring-mass system

to represent propellant sloshing is given

in appendix B.

Length of Pendulum Arm

The length of the pendulum arm Lp

may be calculated directly from the pen-

dulum fundamental frequency expression

Lp = g/_2 A dimensionless pendulum arm

length to tank height ratio Lp/(b + c) is

presented in figure l0 for a range of liq-

uid depth ratios 0.25 _ h/(b + c) _ 0.95.

The ratio L_/(b + c) increased as the

liquid depth_ratio decreased. The pendu-

lum arm length effectively became greater

than the tank height at liquid depth ra-

tios h/(b + c) < 0.285 because the
thrust barrel had reduced the fundamental

frequencies to values that were lower than
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Figure10.- Ratioof lengthof pendulumarmto tank heightasfunction
of liquiddepthratiofor unbaffledtankconfiguration.

surface could be driven are shown in figure ll.

those that occurred in the clean

tank configuration (fig. 5(b),

p. 8).

Half-Angle of Pendulum

Oscillation

The pendulum arm was as-

sumed to remain normal to the

liquid surface at all times (the

only logical assumption possi-

ble); therefore, the half-angle

Tp through which the pendulum

effectively could oscillate was

assumed to be equal to the slosh

half-angle TZ. Values of the
slosh angle were obtained visu-

ally by means of a protractor-

type device. The maximum slosh

angles through which the liquid

It was observed that the exci-

!
" AA ........

8 thrl,lsi.ba!i I ,'] t' 'no 
•Top __ ':]C i rical,ecto,4.-IIII'-t I t . I

.I .Z .3 .4 .5 .6 .7 .8 .9 1.0 I.I

Uquiddepthratio,h/(b+c)

FigureII.-Maximumanglefromhorizontalthroughwhichliquidsurfaceoscillatesasafunction
of liquiddepthratiofor unbaffledtankconfiguration.

tation amplitudes necessary to drive the liquid to oscillate near the maximum

slosh angles were large (X0/a > 0.01S) for the lower depth ratios and decreased

as the depth ratio increased. At liquid depth ratios h/(b + c) _ 0.75, exci-

tation amplitude parameters X0/a _ 0.0009S8 were sufficient to force the liq-
uid to oscillate at its maximum slosh angle.

Location of Hinge Point

The location of the hinge point of the pendulum arm was assumed to lie on
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the vertical axis of the tank, and its location on that axis was determined by
using the equation Zp = M/Fs (eq. (Bt)). A nondimensional ratio of the hinge
point location to tank height _p/(b + c) is presented in figure 12 for excita-

.4

o

E

o

-.1
0 .1 .2 .3 .4 .5 .6 .7 .8 .9

Liquid depth ratio, h/(b + c)

Figure 12. - Ratio of pendulum hinge point location to tank height as function of liquid

depth ratio for unbaffled tank configuration.

____ Maximum excitation Ix-citation amplitude

-t ,/_---_---_- amplitude, parameter,
[ I 1/ ; Xo' Xola

_L___I_ _ _\ In.--TU-_ _,_? T \i-o o.ozo o._om

I F t t I I _ T _ o ,030 ,000038

th_rustbar_elL--H_l_ [ -_1 lll-_Cyl)ndr(calsectlon [ [ "",,_
1.0

tion amplitude parameters of 0.000315, 0.000625, and 0.000938. The thrust bar-

rel and the spring ring generally tended to reduce the values of Zp/(b + c)

for liquid depth ratios h/(b + c) < 0.70. No dependence of the hinge point

.7

Maximum Excitation

excitation amplitude

amplitude, parameter,

XO, Xo/a _

.4 .5 .6 .7 .8 .g 1.0

Liquiddepthratio, h/(b + c)

Figure13.- Ratioof pendulumor liquidsloshingmassto liquid
masspresentat eachdepthratioasfunctionof liquiddepth
ratiofor unbaffledtankconfiguration.

location on the excitation ampli-

tude parameter was noted. The

scatter in the experimental data

(fig. 12) resulted because the

slosh forces were small and any

slight error in measuring either
the vertical or horizontal force

resulted in a large variation of

M. Therefore, figure 12 shows the

upper and lower limits between

which most of the experimental data

appeared rather than a single curve

faired through the data.

Pendulum or Sloshing Mass

The effective pendulum mass

that would produce oscillatory side

forces equal to those that resulted

from the sloshing liquid were cal-

culated from equation (B7). The

ratio of the experimentally deter-

mined sloshing masses to the total
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liquid mass present in the tank at the given liquid depth ratio mp/mt is pre-
sented in figure 13. Values of the ratio mp/m_c increased as the liquid depth
ratio decreased and reached a maximumvalue ranging from 0.5 to 0.6 at a liquid
depth ratio of 0.30. No dependenceof the slosh massratio on excitation am-
plitude parameter or excitation frequency was noted. The scatter of the ex-
perimental data resulted from the inability to measurethe slosh forces with an

accuracy of better than
.4

5 8-_

,3 .4 .5 .6 .7 .8 ,9 1.0
Liquiddepthratio,h/(b + c)

Figure 14. - Ratioof pendulumor liquid sloshingmassto totalmassin
completelyfilled tankasfunctionof liquid depthratiofor unbaffledtank
configuration.

±5 percent. Therefore,

upper and lower limits en-

compassing most of the ex-

perimental data were drawn

on this and remaining fig-
ures. The actual values of

the slosh mass ratio should

lie between these limits.

The ratio of the effec-

tive sloshing mass to the

total mass of liquid con-

tained in the completely

filled tank m_/m m is pre-

sented in figure 14. The

slosh mass ratio m_/m m

reached a maximum value (maximum sloshing mass _ mp) of 0.315 to 0.365 at a liq-

uid depth ratio of about 0.85 where the maximum slosh forces have also been

shown to occur (fig. 6(b), p. lO).

o

o

E

Fixed or NonsloshingMass

The fixed mass was determined from equation (BI0) (see appendix B). The

upper and lower limits of the fixed
],2.

_ __ 2 t-"

., ...... i i
__.J.

o ti
.3 .4 .5 ._ . .8 .9 1.0

Liquiddepthrati¢ hl(b + c)

Figure15.- Ratioof fixedor liquid nonsloshingmassto total
massIn completelyfilledtank asfunctionof liquiddepthratio
for unbaffledtankconfiguration.

mass ratio mo/m _ were determined

from the previously shown data

(fig. 14) and are presented in fig-

ure 15. The fixed mass ratio de-

creased with a decrease in the liq-

uid depth ratio.

Centroid Location of

Fixed Mass

The distance Zcg from the

center of the tank to the geometric

centroid of the fixed mass is pre-
sented as the dimensionless ratio

_cg/(b + c) in figure 16. As ex-

pected, the centroid moved toward

17



,4
g

9-g
g._ .3

2 .3 .4 .5 .6 .7 .8 .9 1.
Liquiddepthratio, hl(b + c)

Flgure16. - Ratioofgeometriccentroldlocationoffixedmasstotank
heightasfunctionof Ilquiddepthratiofor unbaffledtankconfiguration.

the bottom of the tank as the

liquid depth ratio decreased.

Scaling Parameters

The values of the dimen-

sionless parameters obtained

from this portion of the in-

vestigation should be appli-

cable to tanks of any size

having the same configura-

tion. (The experimental data

should be applied with some

degree of caution, however,

since the results of full-scale tests that verify the scaling parameters have

not been obtained.)

Since each piece of internal equipment installed within the tank added an

unknown quantity in the accuracy and applicability of the experimental results,

no attempt was made to experimentally determine a pendulum analogy for the baf-

fled tank configuration. When the dynamic-stability analysis was conducted for

this tank configuration, a conservative approach was created by using the pen-

dulum analogy parameters obtained for the unbaffled tank configuration with the

values of the damping ratios obtained for the baffled tank configuration.

SUMMARY OF RESULTS

An experimental investigation was conducted for three configurations

(clean, unbaffled, and baffled) of a 1/3.75 scale-model Centaur liquid oxygen

tank to determine (i) the liquid sloshing characteristics, (2) the slosh damp-

ing effectiveness of a proposed slosh baffle, and (3) the quantities that would

be necessary to effectively represent the liquid sloshing in the unbaffled tank

configuration as a pendulum analogy.

The presence of the thrust barrel reduced the fundamental frequencies of

oscillation below those values obtained in the clean tank configuration for

liquid depth ratios 0.232 _ h/(b + c) _ 0.50. At liquid depth ratios less

than 0.252, the liquid was contained in essentially two different tanks because

of the thrust barrel. The spring ring had little or no effect on the fundamen-

tal frequencies.

The thrust barrel and sprillg ring reduced the slosh forces and increased

the damping ratios from those values obtained in the clean tank configuration

for liquid depth ratios less than 0.80.

The proposed slosh baffle reduced the slosh force parameters only slightly

(from 0.021 to 0.017) but increased the damping ratio substantially (from 0.08

to 0.28) at a liquid depth ratio of 0.80 (the approximate tanking level of the

full-scale Centaur liquid oxygen tank). The baffle had only a small effect on
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the fundamental frequencies of the contained liquid.

The following quantities were determined over a range of liquid depth ra-
tios to effectively describe the liquid sloshing in the unbaffled tank configu-
ration as a pendulumanalogy:

I. The length of the pendulumarm increased as the liquid depth ratio de-
creased.

2. A maximumslosh half-angle or a pendulumhalf-angle of about 19° was
obtained at a depth ratio of 0.55.

3. The distance that t_e hinge point location of pendulumwas located
above the center of the tank generally increased with a decrease of depth ra-
tio. The location of this point, however, was also influenced by the thrust
barrel and the spring ring.

4. The ratio of the pendulummass to the liquid mass present at a given
depth ratio increased as the depth ratio decreased and attained a maximumvalue
of approximately 0.5 to 0.6 at a depth ratio of 0.30. The ratio of the pendu-
lummass to the liquid masspresent in a completely filled tank increased to a
maximumvalue of 0.315 to 0.365 as the depth ratio decreased to 0.65; the slosh
massratio then decreased with a further decrease in depth ratio.

5. The fixed massratio decreased as the depth ratio decreased.

6. The geometric centroid location of the fixed massmoveddownwardfrom
the center of the tank as the depth ratio decreased.

The results are presented in terms of dimensionless parameters that are
applicable to tanks of any size having similar configurations. The experimen-
tal data should be applied with somedegree of caution, however, as the results
of full-scale tests that verify the scaling parameters have not been obtained.

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleveland, 0hio_ April 29, 1964
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APPENDIX A

SYMBOLS

major spheroidal axis of tank, ft

viscosity parameter, v/Vga2(b + c)

minor spheroidal axis of tank, ft

height of cylindrical section of tank, ft

spherical tank diameter, ft

force on tank producing propellant sloshing, ib

horizontal slosh force, ib

vertical acceleration of tank, 32.174 ft/sec 2 for this investigation

liquid depth (measured from liquid surface to bottom of tank), ft

liquid depth ratio

distance from baffle or some location in tank measured vertically to

bottom of tank, ft

liquid depth in cylindrical tank of radius r containing same liq-

uid volume as that contained in oblate spheroidal tank, ft

momen_of inertia of nonsloshing or fixed mass, slug/sq ft

spring constant_ ib/ft

length of pendulum arm, ft

distance from center of tank to geometric centroid of fixed mass, ft

distance from center of tank to pendulum hinge point, ft

external moment on tank produced by liquid sloshing, ft-lb

pendulum or effective liquid sloshing mass, slugs

total liquid mass present in completely filled tank, slugs

total liquid mass present in tank at a given liquid depth ratio,

slugs

fixed or liquid nonsloshing mass, slugs
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q vehicle center of rotation

r radius of liquid surface of partly filled oblate spheroidal tank, ft

W baffle width, ft

X0 maximumexcitation amplitude, ft

Xo/a excitation amplitude parameter

x0 excitation amplitude of tank at any time t, X0 sin mbt, ft'

y_ half-angle from horizontal through which liquid surface oscillates,
radians

yp half-angle from vertical through which pendulum oscillates, radians

damping ratio or logarithmic decrement, in(Fs,n/Fs,n+l)

e first root of J_(en) = O, 1.841

fundamental frequency parameter, _/e tanh(hc/r)e and

angular acceleration of vehicle about q, radians/sec 2

slosh force parameter, Fs/Oga2(b + c)

w liquid kinematic viscosity, sq ft/sec

damping factor, _/2_

0 liquid mass density, slugs/cu ft

ratio of experimentally determined to calculated fundamental frequencies

of liquid oscillations_ _o/_

calculated fundamental (first natural mode) frequency of liquid oscilla-

tion, radians/see

experimentally determined fundamental (first natural mode) frequency of

liquid oscillation, radians/sec

_0 input excitation frequency of tank_ radians/sec

Superscripts :

(') first time derivative

(") second time derivative
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APPENDIXB

PRESENTATIONOFLIQUID SLOSHINGAS A MECHANICALANALOGY

The dynamic-stability analysis of any rigid or flexible liquid fuel space
vehicles must include an adequate description of the liquid sloshing that oc-
curs in partly filled propellant tanks. The development of a reliable analyti-
cal mechanical model of liquid sloshing for any arbitrary tank configuration is
needed. Since a specific tank configuration maybe relatively difficult to

analyze mathematically, an accurate ex-
Y

?

F - _rnp

q

U
i - _-X

t.p,q

.!•c£ q
i' i

perimental technique was needed so that

mechanical model parameters could be

obtained from simple experimental mea-

surements. The experimental techniques

of obtaining the mechanical model pa-

rameters presented in this investiga-

tion are believed to be adequate for

most clean tank configurations; the ef-

fect of the presence of internal equip-

ment within the tank on the accuracy of

results is not known at the present

time.

The sketch at the left shows an

arbitrary propellant tank configuration

in a rigid body vehicle or test facil-

ity. The summation of forces _xerted

on the tank in the x-direction that

result in liquid sloshing may be

written as (ref. S)

F = -mOx 0 - moZcg,qe + mpgTp
(B1)

The summation of forces acting on the pendulum may be written as (ref. 5)

%Lp p + + pLp 2 p: -mp o - mp( p,q- Lp) (B2)

where _ = 5/2n. The summation of moments about the vehicle center of rotation

q may be written as (ref. 5)

M = -m0Zcg_qX 0 - (I0 + moZc2g,q)e + mpZp,qg_p (B5)

Small angle approximations have been assumed in the preceding equations.

In this investigation the tank and test facility were not subjected to any

rotational motion so that _ = 0. In addition, the normal test procedure was

to oscillate the tank and the contained liquid at a given excitation frequency

and amplitude until the liquid surface had attained its maximum wave height.
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Oncethe motion of the tank had been quick-stopped, Xo was equal to zero, and
the forces resulting only from the liquid motion were experimentally measured
(F = Fs). Equation (BI) maythen be written as

Fs = mpgTp (B4)

The pendulummassmay be calculated from equation (B4) once the pendulumangle
yp corresponding to a specific slosh force Fs is known. The angle Tp may
be measureddirectly if the pendulumarm is assumedto remain normal to the
liquid surface (Tp = _). This is considered to be a valid assumption. It was
difficult to obtain accurate measurementsof the liquid slosh angle T visu-
ally, however_ so a second method of determining the pendulummasswas uti-
lized.

Equation (B2) maybe rewritten as

(B5)

with the following conditions:

(i) No angular rotation of the test facility (_ = 0)

(2) The damping term is considered negligible (2mp_Lp_p _ 0)

(3) The liquid and tank are oscillated Sinus0idally

When the liquid was oscillated at an excitation frequency much less than its

fundamental frequency (_0 << _), the liquid oscillated at exactly the excita-

tion frequency as long as the oscillatory motion of the tank continued. Since

yp was assumed to be equal to yZ, it can also be assumed that Tp = _ =

-_yp sin abt or at the maximum wave height of the liquid surface _p

-_yp. By making this substitution, equation (B5) becomes:

+ : (B6)

Equation (B6) must be again rewritten in terms of measurable quantities by mak-

ing the following substitutions:

(i) Lp = g/_2

(2) _o : -_xo (at maximum _ave height of liquid surface)

(5) mp = Fs/g_ p (substitute into left side only of eq. (B6))

The resulting equation is then

mp =_
(B7)
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Equation (B7) is valid for determining the pendulummass (or effective sloshing
mass) as long as the damping factor _ is small, so that the damping term in
equation (B2) may be considered negligible. Therefore, the value of the first
force peaks occurring immediately after the quick stop is of almost the same
value as the slosh forces that occurred while the tank was subjected to the os-
cillatory motion.

The hinge point location of the pendulummaybe determined by rewriting
equation (BS) as the summationof momentsabout the center of the tank (_ = 0):

(B8)

Since mp = Fs/g_ p and _ = 0 after the tank has been quick-stopped, the
location of the hinge point above the center of the tank may be determined from

the equation

Zp = M/F s (m)

No feasible method was available to experimentally determine the fixed

mass (or effective nonsloshing mass) and its centroid location. It may be as-

sumed, however, that the fixedmass may be determined from the equation

m 0 = mt - mp
(BlO)

If it is further assumed that the effective sloshing and nonsloshing masses

formed distinct stratified layers in the tank, the location of the centroid of

the nonsloshing mass on the vertical axis of the tank may be easily determined

by means of geometry.

The pendulum analogy may be converted into a spring-mass model in such

cases where the latter is more convenient to use. The identical sloshing

forces and moments may be obtained from

both models by using equal sloshing masses

mp and by at%aching the spring mass at

the zero-deflection pendulum mass point as

shown in the sketch at the left. The

proper spring constant K s may be ob-
tained from the spring-mass fundamental

frequency expansion

at the proper tank locations.

Ks :mp 2 (Bll)

where mp and _ are the same values

used in the pendulum analogy.

The mechanical sloshing models may be

used in a dynamic analysis by attaching

the models to the vehicle rigid body axis

The equations of motion for the entire vehicle
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may then be written for the frozen mass vehicle and the sloshing massvehicle
as they respond to steering_ aerodynamic, and thrust forces. These equations
of motion must be written for a given tanking level since the sloshing model
parameters vary with the amount of propellant that remains in each tank.
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